higher seeding rate may increase overall cost of production. Although seeding rate showed mixed response to grain yield, researchers continue to tweak with seeding rate in an effort to maximize yield through best use of inputs such as N (Blankenau and Olfs, 2001; Gooding et al., 2002; Dai et al., 2013) . Optimum seeding rates for winter wheat ranged from 64 to 83 seed m −2 in western Nebraska and 252 seed m −2 in eastern Nebraska (Stoltenberg, 1968 ). An increase in seeding rate from 128 to 380 seed m −2 resulted in average yield increases of 390, 480, and 210 kg ha −1 during three consecutive years in southeastern Nebraska (Blue et al., 1990) . Geleta et al. (2002) and Xue et al. (2011) reported that the optimum seeding rate of 245 seed m −2 produced maximum grain yield in eastern Nebraska. Change in seeding rates has also been shown to affect yield components, particularly tiller density and number of spikes m −2 Whaley et al., 2000) . Increasing seeding rate increased the number of emerged plants (Otteson et al., 2007) and stand density Whaley et al., 2000) but lowered kernel weight Geleta et al., 2002; Xue et al., 2011) , partly because of reduced radiation use efficiency and fewer assimilates produced per tiller .
Nitrogen is an essential nutrient for proper growth and productivity of winter wheat (Frink et al., 1999; Fageria and Baligar, 2005) . However, N fertilizer recovery of winter wheat is very low, ranging from 30 to 50% (Raun and Johnson, 1999; Raun et al., 2002) , and cost of N fertilizer is very high ($847 Mg −1 for anhydrous ammonia and $592 Mg −1 for urea; USDA-ERS, 2013). The implication is that much of the applied N is not taken up by wheat, resulting in losses due to denitrification, surface runoff, volatilization, and leaching (Frink et al., 1999; Mullen et al., 2003; Fageria and Baligar, 2005) . Such loss of applied N contributes to unnecessary cost to farmers, $847 Mg −1 of anhydrous ammonia and $592 Mg −1 of urea (USDA-ERS, 2013) , in addition to creating negative environmental impacts such as surface and groundwater pollution. Therefore, appropriate N management (i.e., rate, type, and time) is essential for efficient utilization of fertilizer, as well as to improve grain yield. López-Bellido et al. (2006) found 41.6% wheat recovery of N fertilizer when applied as topdressing at the beginning of stem elongation. Velasco et al. (2012) found that N application at the flag leaf stage increased crop growth during the critical period of yield determination, which may have resulted in increased grain yield. Increasing the topdressed N rate from 100 to 300 kg ha −1 increased winter wheat grain yield by 856 kg ha −1 in Spain (Lloveras et al., 2001 ). Varietal differences play a significant role in N uptake (Ortiz-Monasterio et al., 1997) , and it is therefore necessary to evaluate response across genotypes.
Besides management, the decision to select which variety to grow is the most important agronomic decision a farmer makes to optimize yield and maximize net benefit. It has long been recognized that genotype response on grain yield widely varies with seeding rate (Lloveras et al., 2004; Otteson et al., 2007) or N fertilization (Guarda et al., 2004; Guttieri et al., 2005) . Genotypes have different abilities or plasticities to compensate for low or high seeding rates by modifying yield components such as spikes m −2 , tillers m −2 , grain spike −1
, and grain weight Lloveras et al., 2004) . For instance, genotype may compensate under low seeding rate through increased tiller production under favorable environmental conditions and allowing maintenance of dry biomass production . However, some studies showed no significant difference of genotype on grain yield to either varying seeding rate Geleta et al., 2002; Carr et al., 2003 , Xue et al., 2011 or N fertilization (Otteson et al., 2007; Lu et al., 2015) .
Winter wheat produced in Nebraska is prone to low seasonal precipitation challenges and climatic variability, resulting in inconsistent grain yields. Understanding wheat response to topdressed N at the flag leaf stage and the effect of different seeding rates for established and modern cultivars in Nebraska under changing environmental conditions could help farmers make informed decisions in resource allocation to ensure increased wheat yield. Therefore, this study was conducted to determine the effects of seeding rate and topdressed N at the flag leaf stage (Feekes 9: Large, 1954; Zadoks 39: Zadoks et al., 1974) on yield and agronomic characteristics of six winter wheat genotypes widely grown in Nebraska under rainfed conditions at contrasting agroclimatic regions in Nebraska.
MATERIALS AND METHODS
Field experiments were conducted during 2014 and 2015 growing seasons at the High Plains Agricultural Laboratory (HPAL) in Sidney, NE (41°13¢47¢¢ N, 103°0¢4¢¢ W, elevation: 1314 m), and the Agronomy Research Farm (ARF) in Havelock, Lincoln, NE (40°51¢15.077¢¢ N, 96°36¢46.828¢¢ W, elevation: 360 m), under rainfed conditions. These sites were selected because of contrasting weather patterns (Table 1 ). The HPAL site was characterized by higher elevation, lower precipitation, lower humidity, and higher evapotranspiration compared with ARF. The soil type at HPAL was Keith loam (fine-silty, mixed, mesic Aridic Argiustolls), while ARF soil was Sharpsburg silty clay loam (fine montmorillonitic, mesic typic Arguidoll) (USDA-NRCS, 2015) .
Experimental design was a randomized complete block with split factorial arrangement replicated four times. Two N application treatments (0 and 34 kg N ha −1 at the flag leaf stage, Feekes 9 or Zadoks 39) were assigned to the whole plots (this treatment was in addition to the recommended N fertilizer applied at planting with 56 kg N ha −1 ), and factorial combinations of six genotypes and three seeding rates (0.5, 1, and 2 times of the normal seeding rate for each site) were assigned to the split plots. Normal seeding rates for ARF and HPAL were 252 and 186 seeds m −2 , respectively, corresponding to 67 and 49.5 kg ha −1
. Seeding rates were estimated in seeds m −2 in anticipation of number of seed per unit seed weight variation across genotypes, which means cultivars were sown at the same seed number m −2 . The six genotypes of hard red winter wheat used in this study were 'Freeman' (reg. no. CV-1098; PI
Economic Analysis
Seed cost was taken from 2016 Nebraska crop budgets developed by Klein et al. (2016) , topdressed N fertilizer (urea) cost from USDA-ERS (2013), and wheat farm price in each year was taken from USDA-ERS (2016) ( Table 2 ). Average N fertilizer cost used was $0.592 kg Net return from N application and change in seeding rate was calculated as:
where NR is the net return from N application and change in seeding rate, Yi is the yield increase due to the treatment obtained by subtracting yield from N application to no N application or yield from used seeding rate to normal seeding rate, FP is the average farm price, and Ic is the cost of N fertilizer or seed (Table 2) .
Data were analyzed using PROC MIXED in SAS 9.4 (SAS Institute, 2013) to detect significant differences among interactions and main effects. Combined ANOVA was calculated using PROC MIXED considering four environments (2 sites by 2 yr). Environments ARF-2014 and HPAL-2014 were environments ARF14 and HPAL14, respectively, whereas ARF-2015 and HPAL-2015 were environments ARF15 and HPAL15, respectively. Seeding rate, N, genotype, environment, and their interactions were considered as fixed effects, whereas replications nested within environments were considered random effects. Individual ANOVA was also done at each environment to test seeding rate, genotype, and N effects and their interactions. The LSMEANS statement was used for calculating treatment means, and mean separation was done using Fisher's protected LSD test at the 5% level of significance. Regression models were fitted with the option HTYPE = 1 and identify the best-fitted regression equation. Single-degree freedom linear and quadratic contrasts were done to evaluate trends in grain yield with the change in seeding rate. Principal component analysis was done using BLUEs (best linear unbiased estimators) to determine the relationship between grain yield and agronomic traits using R (R Development Core Team, 2014) . Pearson correlation between grain yield, seed weight, biomass yield, plant height, SPAD (soil plant analysis development), LAI, and harvest index were done from least squares means using Proc CORR.
RESULTS AND DISCUSSION

Grain yield
Analysis of variance on the effect of environment (siteyear), seeding rate, N, and genotype on grain yield and agronomic characteristics is shown in Table 3 . A significant 667038; Baenziger et al., 2014) , 'Millennium' (reg. no. CV-908; PI 613099; Baenziger et al., 2001) , 'Overland' (reg. no. CV-1020; PI 647959; Baenziger et al., 2008) , 'Pronghorn' (reg. no. CV-848; PI 593047; Baenziger et al., 1997) , 'Robidoux' (reg. no. CV-1064; PI 659690; Baenziger et al., 2012) , and 'Settler CL' (reg. no. CV-1051; PI 653833; Baenziger et al., 2011) . Selection of these genotypes was mainly based on differences in adaptation, plant height, yield, enduse quality, and disease resistance. According to the report from USDA-NASS (2015b), Settler CL accounted for 9.5%, Overland for 4.2%, Robidoux for 4.1%, Pronghorn for 3.8%, Millennium for 1.6%, and Freeman for <1% of the total acreage for Nebraska wheat production. Each split plot was 1.8 ´ 7.6 m and 1.5 ´ 6.1 m for HPAL and ARF, respectively. The 2014 trials were planted on 20 September at HPAL and 2 October at ARF in 2013, whereas the 2015 trials were planted on 15 September at HPAL and 17 October at ARF in 2014.
Plant density was evaluated at the ARF site by counting the number of plants in a randomly selected 50-cm-long row. Plant height was measured from soil surface to top of the spike (awns excluded) at physiological maturity. Days to heading was the number of days after 30 April when 50% of the plants had completely emerged heads from the flag leaf. Grain yield was measured by harvesting the full plot using a combine harvester. The trial was harvested at ARF on 9 and 13 July in 2014 and 2015, respectively, and on 24 July of both years at HPAL. Seed weight was measured for each genotype by weighing 1000 grain samples per plot. Leaf area index (LAI) was measured using a plant canopy analyzer (Model LAI-2000 and LAI-2200c . Leaf area index was measured at two different growth stages (i.e., boot stage, or Feekes 10 or Zadoks 45, and hard dough stage, or Feekes 11.3 or Zadoks 87) by taking two above-canopy readings followed by six to eight below-canopy readings per plot following a zigzag pattern within the rows. A nondestructive method was used to measure leaf chlorophyll content, i.e., leaf greenness, using a SPAD-502 meter (Minolta, Plainfield, IL) (Bullock and Anderson, 1998) . Leaf greenness was measured at two growth stages (i.e., flag leaf, or Feekes 9 or Zadoks 39, and hard dough stage, or Feekes 11.3 or Zadoks 87). Ten readings were taken near the midpoint near the midrib of 10 randomly selected leaves from each plot and averaged (Peng et al., 1992) . A biomass sample was taken at physiological maturity during both seasons by cutting a randomly selected 50-cm row length of the second or fifth row at ground level. Then, samples were oven dried at 70°C and weighed using electronic balance and converted into biomass yield as Mg ha effect of environment on yield was observed. Average grain yields in 2014 were 5.38 Mg ha −1 at ARF and 5.01 Mg ha −1 at HPAL, whereas average grain yields in 2015 were 2.46 Mg ha −1 at ARF and 2.07 Mg ha −1 at HPAL (Table 4) . Growing conditions for winter wheat in 2014 were favorable for wheat production, with an average rainfall and low disease severity that resulted in a higher grain yield at both locations (Table 1) . In contrast, the 2015 growing season was not favorable for wheat production, with high rainfall from April to June (Table 1) causing high severity (stripe rust at HPAL and stripe rust and Fusarium head blight at ARF) that resulted in an exceptionally lower grain yield at both locations, as observed by Bhatta (2015) .
Topdressed N at the flag leaf stage had a significant effect on grain yield at both locations only in 2014 (Table 4) . Mean grain yield was significantly increased by 9.7% at ARF and 9.4% at HPAL due to N application compared with the untreated control in 2014. Grain yield was not significantly affected by N topdressing at the flag leaf stage in 2015 at both sites. This might be due to higher amounts of rainfall in 2015, especially during the active growing period (April-July) that resulted in N leaching (Table 1) . Nitrogen fertilization Table 2 . Mean grain yield and net returns to assess economic returns from seeding rate or nitrogen (N) fertilization application to increase grain yield compared with normal seeding rate or no N application at four environments at the Agronomy Research Farm (ARF), Lincoln, NE, and the High Plains Agricultural Laboratory (HPAL), Sidney, NE. * Significant at the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level. † SPAD, soil plant analysis development score. ‡ LAI, leaf area index.
rate (252 to 504 seeds m −2
) resulted in increases in grain yield of 4.7% in 2014 and 12.8% in 2015 (Table 4) . Similarly, at HPAL, an increase in seeding rate from normal to twice the seeding rate (186 to 372 seeds m −2 ) resulted in increased grain yield of 8.8% in 2014 and 4.9% in 2015 (Table 4) . Grain yield significantly increased when seeding rate increased from half to twice the normal seeding rate in three environments, except at HPAL15 (Table 4) . At HPAL, grain yield significantly increased with increase in seeding rate up to normal seeding rate (186 seeds m ). Net returns from the use of twice the normal seeding rate were $21 ha −1 at ARF and $81 ha −1 at HPAL (Table 2) .
significantly increased yield and net returns ($101 at ARF to $96 at HPAL) only in 2014 (Table 2) . A significant N ´ environment interaction was observed on grain yield (Table 3) , mainly due to no response to N at both sites in 2015 compared with a positive response in 2014 (Table 4) . Nitrogen fertilization resulted in higher grain yield when compared with the untreated control in 2014 at both sites (Table 4) . For ARF14 and HPAL14, grain yield increased significantly in response to topdressed N (0.47 Mg ha −1 at ARF14 and 0.45 Mg ha −1 at HPAL14), while topdressed N had no effect (−0.01 Mg ha −1 at ARF15 and 0.03 Mg ha −1 at HPAL15) in 2015 (Table 4) . Seeding rate showed a significant linear effect on grain yield (Fig. 1) . In all environments, grain yield increased with increasing seeding rate (Fig. 1, Table 4 ). At ARF, an increase in seeding rate from the normal to twice the normal seeding Table 4 . Mean grain yield, 1000-seed weight, and aboveground biomass yield for each genotype, seeding rate, and nitrogen (N) in two growing seasons (2014 and 2015) at the Agronomy Research Farm (ARF), Lincoln, NE, and the High Plains Agricultural Laboratory (HPAL), Sidney, NE. Treatment   Grain yield  1000-seed weight  Aboveground biomass yield  ARF  HPAL  ARF  HPAL  ARF  HPAL  2014  2015  2014  2015  2014  2015  2014  2015  2014  2015  2014 2015 A significant seeding rate ´ environment interaction was observed on grain yield (Table 3) , mainly due to a larger response to seeding rate at HPAL in 2014 compared with 2015 (Table 4) . For HPAL14, grain yield at twice the normal seeding rate increased considerably in response to the normal seeding rate (0.45 Mg ha −1 ), while seeding rate showed little effect (0.10 Mg ha −1 ) compared with HPAL15. For ARF, grain yield at twice the normal seeding rate increased considerably in both years (Fig. 1, Table 4 ).
Significant differences between genotypes were observed on grain yield, except for HPAL15 (Table 4) . Similar results were obtained in previous reports (Geleta et al., 2002; Otteson et al., 2007; Xue et al., 2011) that found a significant effect of genotype on grain yield. No significant effect of genotype was observed on disease severity. Relative rank of genotypes for disease severity rating was Settler CL (83.3%) > Robidoux (83.0%) > Overland (81.8%) > Pronghorn (78.5%) > Millennium (72.5%) > Freeman (64.0%). A significant negative correlation (r = −0.61, p £ 0.01) was observed between disease severity rating and grain yield. Freeman had low disease severity compared with others in 2015 and therefore may be the one reason for highest yield of Freeman in 2015 at ARF (Table 4 ).
An environment ´ genotype interaction was significant for grain yield (Table 3) , mainly due to significant differences among genotypes at all environments expect HPAL15. Similar results were reported by Lloveras et al. (2004) . Settler CL and Freeman produced the highest yield at ARF14 and ARF15, respectively, whereas Freeman and Settler CL produced the highest yield at HPAL14 and HPAL15, respectively. All genotypes produced lower yield in 2015 (Table 4) because of high disease pressure.
No significant interaction effects of N ´ genotype and seeding rate ´ genotype were found on grain yield (Table  3 ), implying that genotypes responded similarly for grain yield, regardless of changes in N application or seeding rate. This result was supported by Geleta et al. (2002) , Carr et al. (2003) , and Xue et al. (2011) , who did not observed a significant interaction between seeding rate and genotype for grain yield. Similarly, the results of no significant genotype ´ N interaction for grain yield agreed with the findings of Otteson et al. (2007) and Lu et al. (2015) . However, genotypes are known to respond differently to the N rate (Guarda et al., 2004; Guttieri et al., 2005) or seeding rate (Lloveras et al., 2004; Otteson et al., 2007) .
Biomass Yield
A significant effect of environment on above ground dry biomass yield was observed (Table 3) . Average biomass yields in 2014 were 11.50 Mg ha −1 at ARF and 12.68 Mg ha −1 at HPAL, whereas average grain yields in 2015 were 7.65 Mg ha −1 at ARF and 14.08 Mg ha −1 at HPAL. Biomass yield at the HPAL site was higher compared with the ARF site, which may be another reason for lower grain yield at the HPAL site compared with the ARF site ( Table 4 ). The highest biomass yield obtained at HPAL in 2015 was favored by high rainfall in 2015, despite the disease severity.
No significant effects of topdressed N, seeding rate, and genotypes were observed for biomass yield (Table 3) . This implies that all genotypes under study performed similar with respect to change in seeding rate and N treatment for biomass yield. This result was supported by Whaley et al. (2000) , who found that biomass yield at harvest was unaffected by seeding rate. Nonsignificant response of biomass yield to seeding rate could be attributed to increased tillering at a lower seeding rate or decreased tillering at a higher seeding rate Whaley et al., 2000; Lloveras et al., 2004; Otteson et al., 2007) .
Seed Weight
Seed weight differences were observed due to the effects of environment, genotype, and seeding rate (Table 3) . Seed weight was significantly positively correlated with grain yield (r = 0.90, p < 0.0001) (Fig. 2) . The average seed weight decreased by about 27% at ARF and 33% at HPAL in 2015 compared with the disease-free environments of 2014.
Significant environment ´ N ´seeding rate interactions were found for seed weight (Table 3) . Twice the normal seeding rate with no N application resulted in the highest seed weight (37.3 g) for HPAL14, whereas topdressed N application, along with half of the normal seeding rate, resulted in lowest seed weight (26.4 g) at ARF15 (Table 5) .
A significant environment ´ genotype interaction was observed for seed weight (Table 3) , mainly due to change in rank of genotypes in different environments (Table 4) . This could be due to different responses of the genotypes to different growing conditions. Settler CL had the highest seed weight in environments ARF14, HPAL14, and HPAL15, whereas Freeman had the highest seed weight in ARF15 (Table 4) .
Agronomic Characteristics
Plant Density
Plant density was mainly affected by seeding rate and genotype. Plant density was taken only in two environments (ARF14 and ARF15). As expected, an increase in seeding rate from normal (252 seeds m −2 ) to twice (504 seeds m −2 ) resulted in an increased plant density at emergence by 100 and 87 plants m −2 in 2014 and 2015, respectively, in the two environments (Table 6 ). This is similar to the previous work by Otteson et al. (2007) , who found that increasing seeding rates increased plant density by 91 plants m −2 between the lowest and highest seeding rate. In addition, Iqbal et al. (2010) found an increase in plant density with an increase in seeding rate from 125 to 250 kg ha −1 (471-941 seeds m −2 ). In 2014, Freeman had the highest plant density, whereas Pronghorn had the lowest plant density (Table 6 ). However, no significant difference on plant density was observed in 2015 (Table 6 ).
Days to Heading
Days to heading was mainly influenced by seeding rate and genotype, although large variation occurred between sites and years. No significant effect of N on days to heading was observed, implying that topdressed N application at the flag leaf stage did not affect days to heading. This result contradicts the result of Otteson et al. (2007) , where days to heading was delayed with the highest N application. Increased seeding rates resulted in decreased days to heading (Table 6 ). This could be attributed to the fewer tillers per plant expected for the high-seed-rate plots, and thus early heading, in contrast to the higher tillering expected for the low-seed-rate plots. Furthermore, more days to heading with decreased seeding rate is likely associated with a longer duration of tiller production phase to Feekes 5 or Zadoks 31 . Millennium and Overland were found to have the longest days to heading in both years and locations (Table 6) .
A significant N ´ seeding rate ´ genotype interaction was observed for days to heading at HPAL14. These interactions were largely due to different responses of genotype with seeding rate and N treatment on heading dates (Table 7) . For instance, Millennium (28.5 d) and Settler CL (28.5 d) had the fewest days to heading when treated with twice the seeding rate and N application. Pronghorn (28.75 d) had the fewest days to heading with normal seeding rate and no N application. Overland (29 d) had the fewest days to heading when treated with half seeding rate and N application (Table 7) .
Plant Height
A significant main effect of N was observed for plant height (Table 3) , mainly due to an increase in plant height from N application at all environments (Table 8) . Plant height Table 5 . Mean 1000 seed weight from interactions among four environments, two nitrogen treatments, and three seeding rates averaged over six genotypes in Nebraska. showing variations of selected traits on grain yield. *** Significant at the <0.0001 probability level; NS, nonsignificant at the 0.05 probability level; Ht, height; Wt, weight.
was significantly negatively correlated with grain yield (r = −0.48, p < 0.0001) (Fig. 2) . A trend of increased plant height was observed with N application due to availability of N to the plant after the flag leaf stage compared with the untreated control. Plant height was increased with increase in seeding rate from half (126 seeds m ), but the increase was not significantly different between normal and twice the seeding rates at three out of the four environments (Table 8) . However, at HPAL15, plant height was not significantly different between the half (93 seeds m ). Increased plant height at increased seeding rates was mainly due to interplant competition leading to taller stems, as well as the production of fewer tillers. Furthermore, plants tends to be taller and develop longer internodes with the changes in light quality (lower red: farred light) within the canopy (Kasperbauer, 1971 , Maddonni et al., 2002 ). Therefore, it was possible that changes in light quality due to dense canopies at increased seeding rate may have caused an increase in plant height.
Environment ´ seeding rate and environment ´ genotype interactions were observed on plant height (Table  3) . These interactions were observed mainly due to a change in magnitude, although a few changes in rank were observed (Table 8 ). Environment ´ genotype interaction accounted for more variation than environment ´ seeding rate interaction did on plant height (Table 3) , as can be explained by higher mean square values. Plant height for each genotype varied with change in environment. This was expected due to the diverse genetic backgrounds kg N ha ; twice, 372 and 504 seeds m −2 at the Agronomy Research Farm (ARF), Lincoln, NE, and the High Plains Agricultural Laboratory (HPAL), Sidney, NE. Table 6 . Mean plant density and days to heading for each genotype, seeding rate, and nitrogen rate in two growing seasons (2014 and 2015) at the Agronomy Research Farm (ARF), Lincoln, NE, and the High Plains Agricultural Laboratory (HPAL), Sidney, NE. ; twice, 372 and 504 seeds m −2 at HPAL and at ARF.
included in the study. In all environments, Pronghorn was the tallest and Settler CL was the shortest (Table 8) .
Leaf Greenness (SPAD Value at the Hard Dough Stage)
Leaf greenness at the hard dough stage was mainly influenced by environment, N, and seeding rate (Table 3) . As expected, SPAD value decreased with an increase in plant growth stage from the flag leaf to the hard dough stages, probably due to initiation of senescence (Table 9 ). The SPAD values were significantly positively correlated with grain yield (r = 0.73, p < 0.0001) (Fig. 2) . In general, N treatment increased SPAD value, irrespective of the growth stages (Table 9 ). The highest SPAD values were obtained at the lowest seeding rate (Table 9 ). This could be attributed to the effect of interplant competition for space and nutrients and subsequent effect on canopy characteristics. In 2015, SPAD value at the hard dough stage was very low due to increased disease pressure, especially stripe rust development after the flag leaf stage (Wegulo et al., 2015) . Among genotypes, Overland in 2014 and Millennium in 2015 showed the highest SPAD value at the hard dough stage at ARF, whereas Settler CL in 2014 and Freeman in 2015 showed the highest SPAD values at HPAL (Table 9) . A significant environment ´ N interaction effect was observed on SPAD value at the hard dough stage (Table  3) , mainly due to change in magnitude (Table 9 ). This implied that application of N resulted in higher SPAD values compared with the untreated control in all environments except for ARF15 (Table 9) .
Leaf Area Index
Leaf area index at the hard dough stage was mainly influenced by environment, N, seeding rate, and genotype (Table 3) . Leaf area index decreased from booting to the hard dough stage in all treatments, probably due to the initiation of senescence (Table 10 ). The LAI was significantly positively correlated with grain yield (r = 0.57, p < 0.0001) (Fig. 2) . Nitrogen application increased LAI measured at the hard dough stage at both locations, but the increase was only significant at ARF (Table 10) . Twice the seeding rate of 504 seeds m −2 showed higher LAI throughout the growing period (Table 10) . Genotype significantly affected LAI at the hard dough stage, except for HPAL15 (Table 10 ). The difference in LAI for genotypes could be due to different canopy characteristics of the genotypes under study. At the hard dough stage, Millennium had the largest leaf area at ARF in both years, whereas Freeman in 2014 and Pronghorn in 2015 had the largest leaf area at HPAL (Table 10) .
Significant environment ´ seeding rate ´ N interactions were observed for LAI (Table 3 ). This result showed that larger leaf area was produced from the combination of N application at the flag leaf stage and twice the seeding rate, whereas lower leaf area was observed from the combination of no N application and lower seeding rate in most of the environments. For example, the largest leaf area (4.44) was obtained with the combination of twice the seeding rate and N application at HPAL14, whereas the smallest leaf area (3.31) was obtained with the combination of half the seeding rate and no N application at HPAL14 (Fig. 3) .
Harvest Index
Harvest index varied with environments (sites and years). Harvest index was significantly positively correlated with grain yield (r = 0.84, p < 0.0001) (Fig. 2) . Nitrogen did not show a significant effect on harvest index (Table 3) . Harvest index was largely affected by the change in seeding rate (Table 3) . At HPAL, harvest index significantly increased with an increase in seeding rate up to the normal seeding rate (186 seed m −2 ), with no further increase above the normal seeding rate (Table 11) . Similarly, at ARF, harvest index increased up to normal seeding rate (252 seed m −2 ), with no further increase after normal seeding rate (Table 11) . A low harvest index was obtained in 2015 because of low grain production. A significant effect of genotype on harvest index was observed (Table 3) , reflecting differences in yield potential, biomass production, and tillering ability of the genotypes under study.
The harvest index of each genotype varied with the combinations of N treatment and seeding rate (Table 3) . For Freeman (0.39) and Settler CL (0.41), the highest harvest index was observed with the combination of N application and twice the seeding rate treatments. For Millennium (0.39), Overland (0.38), Pronghorn (0.35), and Robidoux (0.41), the highest harvest index was observed with the combination of no N and twice the seeding rate treatments (Fig. 4) .
A significant environment ´ seeding rate interaction was observed for harvest index (Table 3) , mainly due to changes in magnitude among the environments (Table  11) . In all environments, twice the seeding rate resulted in a higher harvest index. For instance, twice the seeding rate produced the highest harvest index (0.54) at ARF14, whereas half seeding rate produced the lowest harvest index (0.43) at ARF14 (Table 11 ).
Principal Component Analysis
The relationship between grain yield and agronomic traits was determined from principal component analysis. According to principal component analysis, the first two components accounted for the more than 82% of the total variance (Fig.  2) . The first and second components justified 57.6 and 24.6% of the variations among the traits, respectively (Fig. 2) . The first group included seed weight, grain yield, and SPAD; the second group included harvest index, biomass yield, and LAI; and the third group included plant height. Seed weight, harvest index, SPAD, and LAI showed significant positive correlation with grain yield, whereas plant height showed negative correlation with grain yield, as expected (Fig. 2) .
CONCLUSION
Nitrogen and seeding rate affected grain yield and agronomic characteristics of the genotypes included in this study, and genotypic response varied under the different testing environments (sites and years). Overall, seed weight, harvest index, SPAD (leaf greenness), and LAI accounted for most of the variations on grain yield and showed strong positive correlation with grain yield. Nitrogen treatment in this study significantly increased grain yield, probably through LAI and SPAD (canopy greenness), and net returns when the environmental conditions were favorable for grain production, as observed in 2014 as compared to 2015. Most of the traits, such as seed weight, days to heading, and harvest index, were not significantly improved by topdressing of N at the flag leaf stage. Increasing the seeding rate improved grain yield and most of the agronomic characteristics evaluated, such as seed weight, days to heading, harvest index, leaf area, and plant height. Increasing seed rate decreased relative leaf greenness.
The key finding of this research is that increasing seeding rates up to double the current recommendations with supplemental N topdressed at the flag leaf stage resulted in increased grain yield and improved key components of end-use quality of wheat (Bhatta, 2015) for the locations tested in Nebraska. This study also suggested complexity of conditions in drier locations and the need for further research to evaluate broad range of options that could contribute to approaching a yield plateau, in contrast to finding one. This study also reestablished the oftenneglected fact that recommendations of genotype should be more location specific, colluded to prevailing environmental conditions or seasonal expectations.
